. It was not until 15 years later that transcription was also demonstrated to stimulate spontaneous mutagenesis in eukaryotes, specifically in budding yeast 3 . This phenomenon, which locally and permanently alters the primary sequence of the DNA template, is referred to as transcription-associated mutagenesis (TAM). It should be noted that TAM is not to be confused with so-called 'transcriptional mutagenesis' , which refers to the production of mutant mRNAs and proteins through transient alterations in the DNA template 4 . The discovery of transcription-associated recombination (TAR) came through identification of HOT1 in yeast; this is a sequence that stimulates mitotic recombination by promoting high levels of transcription 5, 6 . Transcription thus has the potential to modify the genetic landscape by locally altering mutation rates, by stimulating loss of heterozygosity and by generating diverse types of rearrangements that include deletions, duplications, inversions and translocations.
Studies of TAM and TAR typically require a selective system to identify rare mutants and recombinants, respectively, as well as regulation of the system by a promoter with activity that can be tightly controlled. Depending on the system used, the difference between low and high transcription levels can be orders of magnitude. Microorganisms such as Escherichia coli and Saccharomyces cerevisiae have been the experimental organisms of choice for practical reasons: rapid growth, ease of genetic manipulation, well-defined replication origins and availability of reporter systems. In general, specific mechanisms of TAM and TAR have been deduced by studying the effects of depleting individual proteins that are involved in DNA and/or RNA metabolism. This is trivial to do through standard gene-targeting techniques in microorganisms and now analogous studies in metazoans have become more feasible through the development of RNAi technologies.
Recent efforts have moved away from simple descriptive analyses of TAM and TAR and have focused on understanding how transcription destabilizes the underlying DNA template. The level of transcription is clearly important; in microorganisms, the rate of TAM is directly proportional to the transcription rate 7, 8 , and a similar proportionality has been reported for TAR in mammalian cells 9 . An early conceptual link between TAM and TAR was derived from the fact that mutation Nature Reviews | Genetics Figure 1 | Co-directional and head-on orientations of RNA polymerase and the replisome. a | In the co-directional orientation, the transcribed strand is the leading-strand template for replication. b | In the head-on orientation, the transcribed strand is the lagging-strand template. Positive supercoils (+SCs) accumulate ahead of replisome; +SCs and negative supercoils (-SCs) accumulate ahead of and behind the RNA polymerase (RNAP), respectively. Nascent DNA and RNA are indicated as solid and dashed red lines, respectively; arrowheads indicate the 3′ ends of DNA strands. RNA polymerase is represented in blue, and the replisome is represented in yellow.
Non-transcribed strand (NTS) . The NTS is complementary to the transcribed strand and has the same sequence as the RNA (except that it contains thymine instead of uracil); it is often referred to as the coding strand, whose sequence is given as standard.
Replisome
The multi-protein complex that contains all of the proteins that are required for DNA replication. This includes the DNA polymerases, factors that increase the processivity of DNA synthesis and a helicase to unwind duplex DNA.
Two-dimensional gels
These are used to visualize replication fork progression across a defined segment of DNA. DNA is separated by size in the first dimension and by shape in the second; the fragment of interest is visualized by Southern blot analysis. Linear fragments run on a diagonal; fragments that run off the diagonal correspond to replicating or branched molecules.
and recombination each reflect a normal mechanism for dealing with DNA damage. The initial assumption was that there might be a single source of the transcriptionassociated damage underlying TAM and/or TAR. Indeed, early studies indicated that TAM primarily reflects damage to the non-transcribed strand (NTS) of the DNA template, whereas TAR is largely due to transcriptionreplication conflicts. However, recent studies have made it apparent that there are multiple mechanisms that contribute to TAM and TAR. Importantly, transcription can affect stability of the template by mechanisms that are separate from DNA replication, potentially making transcription-associated alterations a key contributor to genetic changes in non-dividing cells.
In the following sections, we begin by considering the importance of replication-transcription conflicts to genetic instability and how persistent association of the RNA transcript with the template DNA strand exacerbates these conflicts. Next, we summarize recent studies that highlight how the primary sequence of actively transcribed DNA -in particular, its propensity to form non-B secondary structures -contributes to instability. Finally, our current knowledge of factors that contribute to TAM will be summarized. An important point to be borne in mind throughout is that even though an experimental observation or mechanism may currently be limited to a single organism, the high evolutionary conservation of DNA structure and of basic DNA metabolic processes makes it likely that documented mechanisms of TAM and TAR will be broadly applicable.
Transcription and replication collisions
Transcription and replication occur on the same template, making conflicts between these two processes inevitable. Whereas replication copies both strands of duplex DNA, only one strand is typically transcribed by RNA polymerase (RNAP); the transcribed strand can thus correspond to either the leading-or laggingstrand template of replication (FIG. 1) . When the leading strand of replication is the transcribed strand, the replication and transcription forks move in the same direction; when the lagging strand is the template for transcription, the forks converge. We will refer to the resulting RNAP-replisome conflicts as co-directional collisions and head-on collisions, respectively. In addition to direct conflicts between transcription and replication, positive supercoils accumulate ahead of both machineries, thereby posing an additional problem for head-on collisions. Such unresolved helical stress can trigger replication fork reversal 10 , giving rise to a 'chickenfoot' structure that can be enzymatically processed into a recombination-initiating double-strand break 11 .
The cost of head-on collisions. The relevance of RNAPreplisome collisions to genome instability has been extensively reviewed [11] [12] [13] , and the general consensus is that head-on collisions are more destabilizing because they impede replication to a greater extent than codirectional collisions. An early indication that head-on collisions are more problematic came from the striking co-directional orientation of all seven of the highly expressed ribosomal RNA (rRNA) operons in the E. coli genome 14 -a pattern that has been observed in over 80 bacterial species 15 . Importantly, it was recently demonstrated that reversing the orientation of rRNA genes in Bacillus subtilis negatively affects fitness 16, 17 . In budding yeast, rRNA transcription units are insulated from head-on collisions by replication fork barriers, which physically block forks from entering the distal end of transcription units 18 . Finally, within 50 kb of putative human replication origins, it has been estimated that genes that are co-directionally transcribed with replisome movement outnumber those with a head-on orientation by eightfold 19 . Although genome instability can result from transcription-associated disruptions in replication, it should be noted that the disruption of transcription caused by replication can also be potentially costly for fitness.
What happens when a replication fork approaches an actively transcribed gene? At least in in vitro studies with purified E. coli components, a replisome moving in either direction appears to dissociate RNAP from the template as it passes 12 . As for the effect on replication, analysis of forks using two-dimensional gels has detected discrete replisome pausing with the head-on RNAPreplisome orientation, but not with the co-directional orientation, in both E. coli 20 and yeast [21] [22] [23] . More recently, Nature Reviews | Genetics chromatin immunoprecipitation followed by microarray (ChIP-chip) analysis of sequences that are preferentially associated with a replicative DNA polymerase from yeast was used to infer the positions of slow fork movement throughout the genome 24 . These sites were positively correlated with transcription, although in this case, a replication fork slowing was evident regardless of the relative orientation of transcription and replication. The two-dimensional gel and ChIP-chip results, however, should not be considered to be contradictory, as the resolution of pausing is very different in the two types of assays.
TAR as a replication-dependent event.
It is well known that replication roadblocks can be bypassed, and replication at collapsed or broken forks can be re-established through homologous recombination 25 . It is, therefore, not surprising that TAR has been linked to DNA replication. In yeast, for example, cell-cycle-regulated promoters were used to show that only transcription in S phase was able to stimulate recombination 22 . A similar S phase connection has been inferred in mammalian studies, in which TAR was detected only in cycling cells 26 . In the case of yeast, the recombination-promoting potential of co-directional versus head-on collisions between the replisome and RNAP has been specifically examined. Consistent with a greater impairment of replication fork movement by head-on collisions, TAR was enhanced in the head-on orientation relative to the co-directional orientation 22, 23, 27 . A similar orientationspecific effect has been reported in an analysis of transcription-associated gross chromosomal rearrangements in yeast 28 and with transcription-associated deletions in a plasmid-based E. coli assay 29 . Despite multiple examples of greater instability with head-on rather than with co-directional replisome-RNAP collisions, it should be noted that the relative instability reverses in E. coli when DNA polymerase encounters a stalled rather than a processive RNAP elongation complex 30 . An additional point to consider with respect to TAR concerns the recent demonstration that highly expressed yeast genes are tethered to the nuclear pore -a phenomenon that is referred to as 'gene gating' 31 . This association facilitates mRNA export but creates an orientation-independent topological barrier that hinders replication fork progression 32 . One function of the replication checkpoint is to sever this connection, preventing topologically driven fork reversal and allowing replication to continue. Whether such gene gating is relevant to TAR has not been specifically examined.
Is replication fork direction relevant to TAM?
In addition to stimulating recombination, an interesting possibility is that the transcription-associated slowing or pausing of replication forks might also lead to recruitment of translesion synthesis DNA polymerases. These polymerases are specialized to bypass lesions that stall replicative DNA polymerases and can have extraordinarily low fidelity on undamaged DNA templates 33 . Their inappropriate recruitment would thus be expected to be mutagenic and could be a potential source of TAM. Although there is as of yet no compelling connection between replication fork direction and TAM in eukaryotes, a higher rate of mutagenesis with head-on versus co-directional RNAP-replisome movement has been reported in B. subtilis 17 . It is also intriguing to note that reversing the direction of replication through a highly expressed mutation reporter subtly affects the spectrum of TAM in yeast 7 .
Transcription-associated R-loops RNA exits through a channel in RNAP as it is synthesized, thereby disrupting its base pairing with the complementary DNA template strand. However, the nascent RNA has the potential to anneal back to the transcribed strand, creating a stable RNA-DNA hybrid and leaving the NTS exposed as an extended single strand of DNA [34] [35] [36] . This structure, which is called an R-loop, can be over 1 kb in length in highly transcribed genes (FIG. 2) . Preventing the accumulation of R-loops. In bacteria, mRNA is immediately engaged in translation by ribosomes as it exits RNAP. When transcription and translation become uncoupled, transcription rapidly terminates, thereby blocking the expression of all downstream genes in polycistronic operons. This phenomenon, which is known as 'polarity' , not only prevents the energy costs that are associated with the continued production of untranslated mRNA, it also blocks the accumulation of naked RNA that can potentially anneal back to the template DNA strand to form an R-loop 36 . In eukaryotes, wherein transcription and translation occur in separate cellular compartments, nascent RNAs are co-transcriptionally assembled into ribonucleoprotein (RNP) particles that promote splicing and/or nuclear export. Although these co-transcriptional processes undoubtedly increase the efficiency of mRNA processing and/or transport, they also prevent the accumulation of naked RNA, as in bacteria. Even in those cases in which the RNA is the final gene product (for example, in rRNA and tRNA), either extensive formation of RNA secondary structure or rapid association with proteins discourages re-annealing of the transcript to the DNA template.
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In addition to co-transcriptional RNA engagement, R-loops are also held in check by the activity of topoisomerase 1 (Top1)
, which is an enzyme that relaxes superhelical stress in duplex DNA. During transcription, positive and negative supercoils accumulate ahead of and behind RNAP complexes, respectively, forming 'twin domains' of helical stress 37 (FIG. 1) .
Positive supercoils can impede further DNA unwinding, whereas excessive negative supercoiling imparts single-stranded character to duplex DNA and thereby promotes R-loop formation. In murine cells, TOP1 also limits R-loop formation through the regulation of RNA splicing and RNP assembly factors 38 . If the mechanisms that normally prevent R-loop formation fail, there are back-up mechanisms in place to remove these structures. This is a major function of the RNase H class of enzymes, which specifically degrades the RNA component of RNA-DNA hybrids 39 . The growth defect that is associated with a TOP1 deficiency, for example, can be rescued by overexpression of RNase H in bacterial or human cells 38, 40 . Finally, the Sen1 helicase of budding yeast and its human homologue senataxin (SETX), as well as the RecG helicase of E. coli, have been implicated in unwinding R-loop structures [41] [42] [43] .
R-loops and genetic instability. The connection between R-loops and TAR initially emerged through study of the hpr1 hyper-recombination mutant of yeast. Transcript elongation was shown to be impaired in hpr1 mutants 44 , and this defect, together with the hyper-recombination phenotype, was suppressed by RNase H overproduction 45 . Hpr1 is a subunit of the THO complex, which interacts with the transcription-export (TREX) complex to facilitate mRNA export 46 . A general model that emerged from these studies is that, in the absence of THO-TREX complex components, the nascent RNA fails to assemble properly into RNPs. This, in turn, promotes R-loop formation (which impedes transcript elongation), causes conflicts with replication and promotes recombination 35 . On a more global scale, recent ChIP-chip analysis has demonstrated that THO components preferentially associate with active open reading frames (ORFs) genome-wide 47 . In the absence of the THO complex, replisome movement is slower through these regions, and RNase H overexpression suppresses this effect.
Box 1 | Roles of Top1 in TAR and TAM
Topoisomerase 1 (Top1) has roles in transcription-associated recombination (TAR) and transcription-associated mutagenesis (TAM). Top1 relaxes the superhelical stress generated when DNA strands are unwound during transcription (figure, left). Top1 nicks one strand of the DNA (figure, centre), forming a covalent linkage with one end. The intact strand passes through the nick, and then Top1 reseals the nick (figure, right).
Top1 activity constrains TAR
In the absence of Top1, negative supercoils accumulate behind RNA polymerase (RNAP), giving the DNA single-stranded character and promoting the formation of R-loops. Top1 also regulates the activity of RNA splicing factors and ribonucleoprotein (RNP) assembly, thereby preventing the accumulation of the naked RNA that is required for R-loop formation. R-loops are a primary cause of TAR, presumably through their interference with replication fork progression.
Top1 activity promotes TAM
Top1 can become trapped during its cleavage-ligation cycle, giving rise to a nick with the enzyme that is covalently attached to one end. This irreversible complex is likely to be processed into a small gap. If the gap is within a short tandem repeat, misalignment between the complementary strands can bring the ends together to facilitate ligation and to create a deletion intermediate 83 .
If a ribonucleotide monophosphate (rNMP) is present at the Top1 cleavage site, the 2′-OH of ribose attacks the covalent Top1-DNA linkage to release Top1 completely (REF. 122 ). Although rNMP-dependent deletions might occur by a similar mechanism to that proposed for a trapped Top1 cleavage complex, an alternative possibility is that strand rejoining occurs by means of a second Top1 cleavage-ligation reaction 123 .
Box 2 | Programmed instability in the immune system

Somatic hypermutation
Antigen-induced stimulation of B cells activates programmed mutagenesis of the heavy and light chain variable segments of immunoglobulin genes 124 , which results in the production of high-affinity antibodies during an immune response. Transcription is crucial during somatic hypermutation (SHM) because it allows the single-strandspecific enzyme AID to access and deaminate cytosines on the non-transcribed strand. Uracils in the resulting U·G mispairs are excised by a uracil DNA glycosylase, leading to the accumulation of abasic sites. Mutations are introduced either during the gap-filling reaction that follows the excision of abasic sites or when replication bypasses the non-informative abasic sites. Highly mutagenic translesion synthesis DNA polymerases are probably used during gap-filling as well as during abasic site bypass. AID-dependent mutagenesis can also occur at other highly expressed, non-immunoglobulin genes in hypermutating B cells. Class-switch recombination Class-switch recombination (CSR) occurs between GC-rich switch regions that precede the constant segments of heavy-chain genes, which specify different classes of immunoglobulins (such as IgA and IgG). CSR requires AID, transcription and components of the non-homologous end-joining (NHEJ) pathway. Current models suggest that transcription-dependent, AID-initiated double-strand breaks form in two switch regions and that loss of the intervening DNA occurs when the broken ends are ligated by NHEJ. This irreversible process joins a new constant segment to the variable region of a heavy-chain gene. Interestingly, the breakpoints of NHEJ-derived translocations in B cells preferentially localize to transcribed regions of the genome 125 .
A recent genome-wide screen in yeast has further broadened the involvement of RNA biogenesis in R-loop formation beyond the THO-TREX complex and further suggests that the associated DNA damage may sometimes occur outside the context of DNA replication 48 . Finally, in the actively transcribed rDNA locus of yeast, both R-loops and extended regions of single-stranded DNA accumulate in the absence of Top1 and impede transcription 49, 50 . Importantly, loss of Top1 is associated with the accumulation of extrachromosomal rDNA circles formed via homologous recombination 51 , providing an additional connection between R-loops and TAR.
In higher eukaryotes, the relevance of R-loop formation to genome instability was first documented in chicken DT40 cells, in which depletion of the splicing factor serine/arginine-rich splicing factor 1 (SRSF1; also known as ASF1) resulted in the accumulation of R-loops and elevated genome rearrangements 52 . A genome-wide screen for functions that are relevant to genome maintenance in human cells has uncovered roles for diverse RNA-processing factors, and perturbations in RNA biogenesis were again associated with R-loop formation 53 . Although the THO-TREX complex was not picked up in this analysis, directed depletion of individual components in human cells has demonstrated evolutionary conservation of its role in RNP biogenesis and genome stability 54 . A potential way of minimizing the genomedestabilizing effects of R-loops in eukaryotes is to separate transcription and replication temporally during the cell cycle. However, this is not an option for very large genes, within which complete transcription requires more than a single cell cycle. Indeed, a subset of common fragile sites of human chromosome breakage map to very long genes, and fragility has been associated with transcription and R-loop formation during S phase 55 .
In the context of maintaining a stable genome, R-loops are clearly pathological structures. It should be noted, however, that there are at least two instances in which these structures are physiologically relevant. In bacteria, the RNA component of an R-loop is typically used as a primer to initiate DNA synthesis, and it could have a similar function in restarting replication forks in eukaryotes. In addition, R-loops are important in the vertebrate immune system, where they are proposed to have a role in facilitating class-switch recombination 56 
.
Transcription and non-B-DNA structures All DNA transactions (namely, replication, repair, recombination and transcription) require the transient separation of complementary strands, providing the opportunity for single-stranded DNA to assume non-canonical, non-B-DNA structures (FIG. 3a) . During transcription, the single-stranded character of the negatively supercoiled region that accumulates behind RNAP can also facilitate the formation of non-B-DNA structures. Likewise, R-loops facilitate the accumulation of noncanonical DNA structures on the NTS, and non-B-DNA on the NTS promotes and stabilizes R-loops. In this section, we consider the destabilizing potential of two types of sequences that are known to form non-B-DNA structures: guanine-rich sequences and trinucleotide repeats.
Co-transcriptional G4-DNA and TAR. G-rich sequences can form stable, non-B structures known as G-quadruplex or G4-DNA, which is comprised of a stacked array of G quartets (FIG. 3a) ; these are planar structures in which four guanines are paired through Hoogsteen hydrogen bonds 57 . An involvement of G4-DNA in genome instability is suggested by class-switch recombination in the vertebrate immune system -a process that requires transcription and that occurs between GC-rich 'switch' regions that are adjacent to the constant region gene segments of the immunoglobulin heavy-chain locus
. A distinguishing feature of the switch regions is the asymmetric distribution of guanines and cytosines between the two DNA strands; in the physiological orientation, the G-rich strand is the NTS. When switch regions are highly expressed in vitro or in bacterial cells, bubbles containing G4-DNA opposite an R-loop (called a 'G-loop') have been observed by electron microscopy 58 . Co-transcriptional G-loops have been shown to block transcription in vitro 59 and presumably would be a potent block to replication as well. Consistent with possible relevance for R-loops and/or G-loops in class-switch recombination, inversion of the switch region relative to the promoter converts the G-rich strand to the transcription template and eliminates most class-switch recombination 60 . We recently introduced a murine switch-region fragment into the yeast genome and examined the effects of transcription and of fragment orientation on stability using recombination as a readout 61 . Recapitulating observations in the immune system, recombination was enhanced by transcription and was further elevated when the G-rich strand was the NTS. Consistent with a causal role for co-transcriptional R-loop and/or G-loop formation, loss of either Top1 or RNase H activity exacerbated Nature Reviews | Genetics figure) containing the RNAP-blocking hairpin; the resulting gap is filled in using the non-transcribed strand (NTS) as a template. Depending on the location of loops on the NTS relative to the removed hairpin, the repair event will either expand or contract the trinucleotide repeat.
the instability of switch-region sequences. Similarly, studies in E. coli have demonstrated an orientationdependent effect of a switch-region sequence on TAR, which was accompanied by replication fork slowing and was suppressed by RNase H overexpression 62 .
Is G4-DNA relevant to transcription-associated genome instability beyond the specialized case of classswitch recombination? It seems likely, although only the destabilizing effect of G4-DNA in the context of DNA replication has been examined to date. For example, the GC-rich human CEB1 (also known as HERC5) minisatellite, which efficiently forms G4-DNA in vitro, is highly unstable when it is introduced into the yeast genome. CEB1 becomes more unstable following loss of the Pif1 helicase, which is capable of disrupting the G4-DNA formed by CEB1 in vitro 63 . In addition, ChIP-chip analysis has uncovered sequences that have G4-DNA-forming potential as preferential sites of yeast Pif1 association and as sites of replication slowing 64 .
Instability of trinucleotide repeats. The expansion of trinucleotide repeats (TNRs) is responsible for at least 20 neurodegenerative and neuromuscular diseases, including fragile X syndrome (CGG·CCG), Huntington's disease (CAG·CTG) and Friedreich's ataxia (GAA·TTC) 65 . Importantly, only those TNRs that are capable of forming non-B-DNA structures have been implicated in disease, leading to the belief that their formation is a crucial early step that initiates instability 66 . Large germline expansions of TNRs have been most extensively studied and are thought to arise during replication; such expansions account for the initial disease appearance and the increase in severity in subsequent generations -a phenomenon that is referred to as 'anticipation' . TNR expansions that occur in somatic cells have attracted less attention but may be relevant to disease severity and progression, especially in non-dividing tissue 67 . Expansions in nondividing cells are, by definition, replication-independent, and recent work exploring transcription-associated TNR instability will briefly be summarized below.
Transcriptional effects on TNR instability have been characterized in human cell lines using CAG·CTG repeats, which can form stable slipped-hairpin structures 68 (FIG. 3a) . Such structures on either the transcribed strand or the NTS are sufficient to stall RNAP in vitro 69 . Key to the analysis of CAG·CTG instability in human cells has been the development of a transcriptionally regulated reporter that allows the direct selection of contraction events 70 . Induction of transcription elevates contractions approximately 15-fold in this system, and this property has been used to identify proteins that enhance or suppress instability. When considered together, the data are consistent with the model shown in  FIG. 3b , in which transcription promotes the formation of hairpins, which can stall the passage of subsequent RNAPs to trigger 'gratuitous' transcription-coupled nucleotide excision repair (TC-NER). Depending on the location of slip-outs relative to the stalled RNAP, the repair process can lead to either contractions or expansions of CAG·CTG repeats 69, 71 . Only contractions can be selected in the mammalian experimental system noted above, but a Drosophila melanogaster-based system has been used to identify transcription-associated expansions of CAG·CTG repeats, and these likewise depend on TC-NER 72 . It seems likely that similar transcription-based instability Nature Reviews | Genetics In the absence of uracil removal, deamination of C on the non-transcribed strand (NTS) leads to C→T mutations (note that by convention, DNA sequences are read from the NTS, which has the same sequence as the mRNA). By contrast, deamination of C on the transcribed strand ('TS' in the figure) results in G→A mutations.
Transcription-coupled nucleotide excision repair
(TC-NER). TC-NER is a subpathway of the NER pathway that is initiated specifically in response to an RNA polymerase arrested by damage on the DNA template. The net effect is more efficient NER-directed repair of lesions on the transcribed than on the non-transcribed strand of active genes.
Reversion assays
Assays that start with a mutant allele, typically containing a change in a single base pair or the insertion or deletion of a single base pair, and that select for restoration of gene function. The change that restores gene function is usually limited to the position of the original mutation.
mechanisms will also apply to other classes of TNRs. GAA·TTC repeats, for example, have the propensity to form three-stranded H-DNA or triplex DNA 73 (FIG. 3a) ;
they promote R-loop formation in bacterial cells 74 , and they are destabilized by transcription in mammalian cells 75, 76 . To date, there have been no reports of transcriptional effects on CGG·CCG stability.
Analyses of expressed sequences in mammalian cells indicate that both strands of DNA are often transcribed 77 . Therefore, recent work has examined the effect of simultaneously transcribing through CAG·CTG repeats in both directions 78 . Importantly, convergent transcription led to greater instability than would be predicted by summing the individual effects of forward and reverse transcription 79, 80 and was an efficient trigger of apoptosis 79 .
Transcription-associated DNA damage and TAM The disabling of DNA damage repair or bypass pathways in yeast elevates spontaneous TAM in defined reversion assays, implicating transcription-associated damage as a causative factor 3, 81 . Striking synergistic effects of transcription and exogenous mutagens on TAR have also been reported, which is again consistent with an enhanced accumulation of damage in highly transcribed DNA 82 . Unexpectedly, recent work has also found that Top1 activity, which reduces R-loop-associated TAR, can be an important source of TAM 83, 84 .
Chemical modification of DNA biases TAM to the NTS.
In reversion assays, all types of base substitutions appear to be stimulated by transcription in yeast 85 and bacterial cells [85] [86] [87] ; additionally, a large variety of transcriptionassociated insertions or deletions have been detected in yeast 7, 81 . The strand-of-origin of a given mutation is impossible to deduce in wild-type cells, but it can be assigned with confidence in some repair-defective backgrounds. In the absence of uracil DNA glycosylase, for example, CG→TA transitions can be assumed to result from cytosine deamination to uracil rather than from damage to guanine on the complementary strand (FIG. 4) . In E. coli, such mutations are strongly biased towards cytosines that are located on the NTS when transcription is highly activated 88, 89 , as are G→T mutations that are associated with oxidation or loss of guanine 90 . Because chemical modifications occur much more often in single-stranded DNA than they do in duplex DNA 91 , it has been argued that the enhanced single-stranded character of the NTS is an important contributor to TAM.
An NTS-related bias for spontaneous TAM has not been examined in yeast, but it has been demonstrated that enzymatic deamination of cytosine to uracil primarily targets cytosines located on the NTS of active genes in THO mutants 92 . Such deamination is required for the somatic hypermutation of immunoglobulin genes; this is a specialized process in which the initiating event primarily accesses the NTS through a transcriptiondependent process
. A much more general, strandspecific effect of transcription has been inferred through whole-genome sequencing. A comparative analysis of nine mammalian genomes, for example, reported a bias for A→G relative to T→C mutations on the NTS 93 , and the degree of asymmetry correlates with the gene expression level in the germline 94 . More recently, an examination of somatic 'passenger' mutations in rapidly evolving tumour cells has suggested that a similar asymmetry is generated during somatic divisions 95 . The strand asymmetries that are associated with TAM could reflect the transient exposure of small regions of the NTS within the transcription bubble that moves with RNAP and/or the formation of more extensive regions behind the transcription machinery. Although the negative supercoils formed in the wake of RNAP would be expected to impart single-stranded character to both strands, the associated formation of R-loops would confine the exposed DNA to the NTS. A more refined model has been proposed in which secondary structures formed on the NTS only leave specific bases exposed in an unpaired and vulnerable state 96 . An algorithm has been developed to predict the most likely sites of potential damage, and its predictive value has been demonstrated using a bacterial reporter 97 . Intriguingly, this analysis has been extended to the human TP53 gene (which encodes p53), in which the predicted frequency of base exposure positively correlates with the frequency of mutation at the 12 most mutable TP53 sites in human tumours 98 . An alternative but not necessarily mutually exclusive model for the biased accumulation of mutations on the NTS is that TC-NER preferentially removes lesions from the transcribed strand 99 . A TC-NER-dependent modulation in mutation spectra, for example, has been reported for E. coli treated with alkylating agents 100 or exposed to ultraviolet irradiation 101 . In yeast, we recently demonstrated that TC-NER likewise alters
Forward mutations
Forward mutation assays select for loss of a gene function and can detect any change in the DNA sequence that inactivates the encoded product, which is usually a protein.
spontaneous mutation patterns in a highly transcribed gene 85 . Finally, TC-NER has been invoked to explain a mutagen-induced NTS bias for mutations in the TP53 tumour suppressor gene in human cells 102 . Although it is generally accepted that transcription biases mutations to the NTS, a reversal in this pattern has been reported following the treatment of mouse embryonic stem cells (ESCs) with ultraviolet light 103, 104 .
Top1 activity as a source of TAM. In repair-competent yeast cells, the class of forward mutations that are increased most by transcription is comprised of short deletions (2-5 bp). These signature deletions are uniquely dependent on the activity of Top1 and presumably reflect its recruitment to relieve the supercoiling associated with transcriptionally active DNA 83, 84 . Recent analyses suggest that Top1-dependent mutations have two distinct causes
. The first reflects an irreversible trapping of Top1 on DNA during its normal cleavage-ligation cycle, whereas the second reflects Top1-mediated cleavage at a ribonucleotide monophosphate (rNMP) that has been misincorporated into DNA 105 . Whether both types of Top1 cleavage product generate the observed deletions through a common intermediate or via distinct mechanisms is not known.
Transcription and change in DNA composition
We recently reported that transcription in yeast alters the nucleotide composition of the underlying template in an unexpected way: specifically increasing the direct incorporation of deoxyuridine monophosphate (dUMP) in place of deoxythymidine monophosphate (dTMP) 106 . This was discovered through genetic analyses of a distinctive TAM signature that is associated with reduced efficiency of the base excision repair pathway, which is specialized to repair abasic sites. Importantly, the TAM signature required an ability to excise uracil from the DNA backbone, indicating that uracil levels increase in highly transcribed DNA and that its removal is responsible for most abasic sites. Although the excess uracil could be derived from cytosine deamination, TAM dramatically decreased following overexpression of the yeast deoxyuridine triphosphatase (dUTPase) -an enzyme that specifically hydrolyses dUTP. Because this lowers the dUTP/deoxythymidine triphosphate (dTTP) ratio in the nucleotide pool and thereby disfavours dUTP incorporation into DNA, the results imply that the elevated uracil is derived from direct dUTP incorporation associated with transcription.
In higher eukaryotes, the removal of uracils from the DNA backbone is a crucial and early step in the molecular events that are associated with somatic hypermutation and class-switch recombination within immunoglobulin genes
. Although directed cytosine deamination by the enzyme AID is the major source of uracil during these processes, direct incorporation of dUTP by DNA polymerase has not yet been ruled out as a minor contributor 107 . It was recently reported, for example, that uracil can be detected at positions of thymines in the variable region of mouse immunoglobulin genes 108 . However, another study concluded that uracil in hypermutating immunoglobulin genes was only found at positions of cytosines 109 . Given the results in yeast and the generally universal effects of transcription on genome instability, it is expected that direct incorporation of dUTP into highly transcribed DNA will extend to other systems.
Precisely how transcription affects the nucleotide pool remains to be answered. One possibility is that a locally higher, transcription-associated dUTP concentration forces more frequent uracil incorporation by DNA polymerases. Spatially, a subnuclear localization of highly transcribed genes might be involved. Temporally, unscheduled DNA synthesis occurring outside S phase, such as that involved in the repair of transcriptionassociated damage, might be responsible for the elevated dUTP incorporation. It is known, for example, that expression of the yeast dUTPase gene is upregulated during S phase 110 , thereby lowering dUTP levels within the dNTP pool and reducing its incorporation into DNA during genome duplication.
Conclusions and future directions
In this Review, we have summarized the current knowledge of the diverse ways in which transcription locally stimulates recombination and/or mutagenesis: through collisions with the replication machinery, formation of co-transcriptional R-loops, facilitation of non-B-DNA structure formation, engagement of Top1 activity, promotion of DNA damage and alterations in DNA base composition. In future studies, it will be important to determine how conserved a given mechanism is and to determine its contribution relative to other transcription-related mechanisms that affect genome stability. Even if a given mechanism is a fairly rare contributor to TAM and/or TAR in 'normal' cells, its importance may shift under some conditions. This may be particularly relevant during the evolution of tumours, where there may already be underlying deficiencies in the DNA repair and checkpoint processes. In addition, both the levels of endogenous mutagens and global transcription profiles are expected to fluctuate in response to environmental conditions. Environmental influences on transcription have the potential to alter the evolutionary landscape by targeting changes to genes where they are most likely to be beneficial in terms of promoting growth. In bacterial cells, transcription thus provides a mechanism for adaptive or stress-induced mutagenesis 8, 111 ; in higher eukaryotes, a similar process could contribute to tumour evolution. An important takehome lesson from the results obtained to date is that transcription probably alters the genetic landscape of all organisms on an evolutionary timescale.
In closing, we would like to mention other connections between transcription and genome stability that were not specifically dealt with in this Review. In addition to coupling of nucleotide excision repair pathway to transcription (TC-NER), proteins that are involved in both single-and double-strand break repair have been isolated as part of a complex with human RNAP II (REF. 112 ). Are these proteins possibly there to deal specifically with damage caused by transcription, or is transcription (in the form of damage-blocked RNAP complexes) used as a sensor to target repair where it is most urgently needed for proper gene expression? Alternatively, does transcription provide an efficient way of detecting and dealing with damage that can potentially impede DNA polymerases before the damage actually causes a replication-associated problem?
A potential twist in the TAR story comes from studies in budding yeast demonstrating that the DNA synthesis that is associated with homologous recombination is much more error-prone than that associated with genome duplication [113] [114] [115] . An intriguing possibility is that some TAM might simply be a by-product of DNA synthesis that is associated with TAR. Although most of the stimulatory effects of transcription on homologous recombination are likely to come through the generation of recombination-initiating lesions 116 , this is not the entire story. Transcription additionally seems to enhance access to the repair template in both budding yeast and human cells 117, 118 . In addition to the process of transcription, the primary transcript itself may be relevant to recombination processes. Studies in yeast have demonstrated, for example, that spliced transcripts can be reverse-transcribed by endogenous enzymes into cDNAs, which can then be used to correct chromosomal mutations 119 . Such a mechanism has been invoked to explain why most yeast genes are devoid of introns 120 ; in metazoans, random rather than homologybased insertion of cDNAs has for a long time been assumed to be the source of intron-less and promoterless pseudogenes. Finally, studies have shown that small RNAs transformed into yeast cells can directly be used to template the repair of chromosomal double-strand breaks 121 . With respect to TAM, only the tip of the iceberg has been touched in terms of what types of damage accumulate in highly transcribed DNA. Importantly, TAM can provide a replication-independent source of mutations that may be particularly relevant in post-mitotic cells or under defined starvation conditions. We expect and look forward to the discovery of additional mechanisms of transcription-associated mutagenesis and recombination as more systems are developed to study these fascinating processes.
